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Unconventional Hall effect in oriented Ca3Co4O9 thin films
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Transport properties of the good thermoelectric misfit oxide Ca3Co4O9 are examined. In-plane
resistivity and Hall resistance measurements were made on epitaxial thin films which were grown on
c-cut sapphire substrates using the pulsed laser deposition technique. Interpretation of the in-plane
transport experiments relates the substrate-induced strain in the resulting film to single crystals
under very high pressure (∼ 5.5 GPa) consistent with a key role of strong electronic correlation.
They are confirmed by the measured high temperature maxima in both resistivity and Hall resis-
tance. While hole-like charge carriers are inferred from the Hall effect measurements over the whole
investigated temperature range, the Hall resistance reveals a non monotonic behavior at low tem-
peratures that could be interpreted with an anomalous contribution. The resulting unconventional
temperature dependence of the Hall resistance seems thus to combine high temperature strongly
correlated features above 340 K and anomalous Hall effect at low temperature, below 100 K.
Good thermoelectric materials,1,2 which convert heat
into electricity and vice versa, should have high figures
of merit (ZT) where ZT= S2T/ρκ, so S (the thermoelec-
tric power or Seebeck coefficient) should be large while
ρ (resistivity) and κ (thermal conductivity) should be
small at a temperature T. In addition to these proper-
ties, these materials should be physically and chemically
robust for high temperature processes such as the genera-
tion of energy from waste heat, and therefore, oxides such
as NaxCoO2 and Ca3Co4O9 have been received a consid-
erable attention recently.3,4 Among the oxides Ca3Co4O9
is very promising because of its high room temperature
(RT) thermopower (125 µV/K ), low resistivity (12 mΩ
cm), low thermal conductivity (30 mW (cm K)−1), and
resistance to humidity.4,5
Ca3Co4O9 is a misfit oxide and can be denoted as
[Ca2CoO3]
RS [CoO2]1.62 to recognize the incommensu-
rate nature of the structure. The structure is composed
of alternating layers of a distorted Ca2CoO3 rock salt-
like layer (RS) and a CoO2 cadmium iodide-like layer
which are stacked in the c-axis direction. Crystallograph-
ically, these two layers have similar a, c, and β lattice
parameters but different b lattice parameters. The ra-
tio of the b parameters for the Ca2CoO3 layer to CoO2
layer is 1.62. The material’s anisotropic behavior is easily
seen through the comparison of the in-plane and out-of-
plane resistivity behavior (metallic versus semiconduct-
ing, respectively).4 Thus, to attain the highest proper-
ties in a thermoelectric device, growth along the c-axis
would be best to insure uniform properties. The bulk
can be magnetically aligned along the c-axis at high
temperature,6,7 but the thin films form provides a more
convenient method for manufacturing useful thermoelec-
tric devices. For this reason, we have undertaken the
synthesis of Ca3Co4O9 films on Al2O3 (c-cut sapphire)
substrates.8 The resulting epitaxial film has thermoelec-
tric properties very close to the single crystal (110 µV
K−1 at RT) but with slightly higher resistivity values
(varying from 11 to 21 mΩ cm).
The underlying theory behind the good thermoelectric
values for Ca3Co4O9 is still not completely understood
despite the electronic structures having been studied,9
thus more experimental data is needed. From a fun-
damental aspect, the good properties of the cobaltites
(Ca3Co4O9 and NaxCoO2) are not expected because con-
ventional theory states that carrier concentration should
oppositely affect conductivity and thermoelectric power,
e.g., high carrier concentrations should lead to high con-
ductivity and low thermoelectric power.1 High-resolution
photoemission spectroscopy has been used to demon-
strate that the high thermoelectric power and low con-
ductivity depend upon a narrow conduction band derived
from the two dimensional CoO2 layers in the structures
of Ca3Co4O9, Bi2Sr2Co2O9, and NaxCoO2.
10 Further-
more, transport properties in Ca3Co4O9 single crystals
were found to display typical features of strongly corre-
lated electron materials.11
Viewing these results, it is interesting to study the
transport and Hall effect measurements of Ca3Co4O9
made in the form of thin films, and our results are re-
ported in this paper. We are studying the properties of
thin films for two reasons:
(1) the resulting thin film is strongly oriented in con-
trast to bulk ceramic, allowing a clear assessment of the
anisotropic properties.
(2) thin films allow a thorough and rapid examination
of the transport properties, in particular the Hall effect
properties which can give important information on the
conduction mechanisms and the nature of the carriers.
Unfortunately Hall effect experiments are generically dif-
ficult with single crystals but can be much more easily
performed with thin films.
Thin films of Ca3Co4O9 were grown on polished c-cut
(0001-cut) sapphire substrates using pulsed-laser deposi-
tion technique.14 A black, sintered Ca3Co4O9 target was
synthesized using conventional solid state techniques,4
and a KrF excimer laser beam (Lambda Physik Compex,
λ=248 nm, repetition rate=3 Hz) was used to deposit
the material composition of the target onto the sapphire
substrate at the proper deposition conditions (600 ◦C,
20.1 mbar O2 pressure, and a fluence of 1.7 J cm
−2). For
more details of the optimization and growth conditions
see Ref.8 The x-ray diffraction of the resulting films, at-
testing to their good quality and good epitaxial relation
with the substrate, was shown previously.8 A DekTak3ST
surface profiler found the thickness of the thin films to
be 1800 A˚.
The transport measurements were performed using a
Quantum Design Physical Property Measurement Sys-
tem (PPMS). The standard four point probe method was
used to measure resistivity, or more specifically, longitu-
dinal resistivity (ρxx). To make the appropriate connec-
tions onto the film, four silver plots were first deposited
via thermal evaporation onto the film, and then thin alu-
minum contact wires were used to connect the areas to
the electrodes. For Hall effect measurements, a silver
layer and then a gold layer were deposited onto the sur-
face of the film before standard ultraviolet photolithog-
raphy and argon ion etching were used to pattern mi-
crobridges (where the largest widths were 100 µm). The
silver layer was deposited via thermal evaporation, and
the gold layer was deposited via the rf sputtering tech-
nique. The resistivity results, shown in the Fig. 1, are
similar in behavior to the c-axis aligned transport prop-
erties of the bulk.6,7 There are three interesting regions
to note in the Fig. 1: below 160 K where the resistiv-
ity increases monotonically as temperature T decreases,
between 160 and 340 K where the resistivity is metallic-
like, and above 340 K where the resistivity decreases as
T increases.
It is appealing to analyze the low temperature resistiv-
ity using an activation behavior, with an activation tem-
perature T0 since, below Tinc=100K, muon spin spec-
troscopy experiments showed the existence of a short-
range incommensurate magnetic order in bulk samples.12
For sample #1, we find T0=13 K. Since T0 ≪ Tinc, our
low temperature resistivity data cannot be interpreted
in the framework of an activation law, and they require
further investigations.
Additionally, two noticeable differences from the bulk
are (a) higher resistivity values and (b) a more shallow
minima. A possible reason for the increased resistivity
can be an increase in grain boundaries in the film, as is
commonly seen in many thin metal films.15 Previous bulk
studies6,16 have found that oxygen deficiency increased
both the resistivity and the thermoelectric power. But
oxygen defects are unlikely to be the predominant source
of the higher resistivity values because our films showed
only an increase in resistivity and not in thermoelectric
power.
In bulk samples, a small anomaly of the resistivity has
been observed at 380K,4,11,12 and interpreted as a spin
state transition.13 It is not observed here.
In agreement with a previous paper devoted to pres-
sure effects in bulk samples11 the metallic portion of the
transport curve is consistent with a Fermi liquid regime,
from nearly 160 K up to a characteristic temperature
T∗ ∼ 240 K, with a resistivity varying as ρ=ρ0+AT
2.
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FIG. 1: (Color online) Longitudinal resistivity of a representa-
tive Ca3Co4O9 thin film. The inset displays the temperature
region where ρ− ρ0 versus T
2 is linear. T∗ notes a cross-over
above which the resistivity no longer varies as T2.
The first term, ρ0, is the residual resistivity and depends
on extrinsic factors such as scattering at the grain bound-
aries. As can be seen in Table I, the values of ρ0 vary
even under similar growth conditions. The second term
depends on intrinsic effects and is representative of the
strength of the electronic correlations. Strongly enhanced
in the vicinity of a Mott Metal-Insulator transition,17 the
high values of the A coefficients listed in Table I (from
1.02 to 1.27x10−5 mΩ cm K−2) are rather sample inde-
pendent and imply strong interactions between electrons.
By comparing in Fig. 2 the pressure dependences of
single crystal transport properties11 with the deduced
ones for the studied thin film, a lower value of the co-
efficient A is observed in the thin films suggesting here
lower correlations. The transport cross-over temperature
T∗ ∼ 240 K that ends the quadratic Fermi liquid regime
is found to be higher than in single crystals in agree-
ment with a lower coefficient A. Consistently, one must
emphasize that the product A(T∗)2/b2, with b2 the in-
plane lattice parameter in the CoO2 layer,
4 is of the or-
TABLE I: The residual resistivities (ρ0), Fermi liquid trans-
port coefficients (A), and the transport cross-over temper-
atures (T∗) for three thin films made at similar deposition
conditions (600 ◦C, 0.1 mbar O2 pressure, and a fluence of
1.7 J cm−2) on c-cut sapphire substrates.
Sample ρ0 (mΩ cm) A (10
−5 mΩ cm K−2) T∗ (K)
1 10.65 1.27 240
2 10.69 1.02 231
3 20.93 1.14 240
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FIG. 2: (Color online) Single crystal (circles) and extrap-
olated thin film (squares) values for the coefficients of the
metal-like resistivity as a function of pressure: A, the Fermi
liquid transport coefficient (upper panel) and T∗, the trans-
port cross-over temperature (lower panel). The strain induced
pressure was extrapolated from the values of T∗. The two
dotted lines are guides to the eyes.
der of h/e2 as expected in a Fermi liquid.17 Indeed, the
Fermi liquid transport coefficient A is proportional to the
square of the electronic effective massm∗ while the trans-
port cross-over temperature T∗ represents an effective
Fermi temperature, namely renormalized by correlations
as T∗=TF /m
∗. Thus, the product A(T∗)2 remains inde-
pendent of the electronic correlations as observed experi-
mentally in both thin films and single crystals by varying
pressure.11
From an extrapolation of the single crystal data, the
film’s T∗ yields an approximate strain induced pressure
of approximately 5.5 GPa (Fig. 2). This relatively high
pressure extrapolation is not surprising since the in plane
structural parameter of the film, assumed to be equal to
the parameter of the substrate in such epitaxial films, is
smaller by a few percents than the parameter of the single
crystal and roughly corresponds to such a pressure.
This strain effect makes possible to grow as a thin
film metastable phases (e.g., infinite layers18 and oxy-
carbonate superconductors19) as those synthesized using
the high pressure processes.20,21 It should be pointed out
here that the induced pressure is biaxial, in contrast to
what is obtained in the case of hydrostatic pressure al-
ready published. In addition, it is well known in these
systems that there exists a relaxation of the strains along
the thickness which can also broadens the whole result.
Hall effect measurements of the thin films are shown in
Figure 3. (The Hall resistance is equal to the transverse
resistivity divided by the magnetic field (ρxy/H) which is
related to the applied magnetic field H.) First of all, let
us mention that the positive slope of the Hall resistance
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FIG. 3: (Color online) Hall effect measurements of the
Ca3Co4O9 thin films. The transverse resistivity (ρxy) ver-
sus magnetic field is shown for values above 100 K (upper
panel) and below 100 K (lower panel).
implies hole-like charge carriers as inferred from thermo-
electic power measurements.4 Moreover, while in a reg-
ular metal the Hall resistance would be nearly tempera-
ture independent, the Fig. 4 exhibits an unconventional
temperature dependence with a highly non monotonic
behavior. In particular, one observes a sizeable increase
from 100 K up to 350 K followed by a broad maximum
at high temperatures displayed in the inset of the Fig. 4.
It is inconsistent with the linear increase of the Hall co-
efficient predicted in the charge frustration scenario.22
Expected within the framework of the Dynami-
cal Mean-Field Theory (DMFT) of strongly correlated
systems,17 the maxima in both resistivity and Hall re-
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FIG. 4: (Color online) Temperature dependence of the Hall
resistance (ρxy/H). A broad maximum is observed at high
temperatures (inset).
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FIG. 5: (Color online) The Hall resistance (ρxy/H) values of
the thin film versus inverse temperature. A linear relationship
is observed below 100 K as ρxy/H=2.6 10
−9(1+132/T).
sistance result from a strong temperature dependence
of the density of states leading to a pseudo gap above
T∗. Let us mention that this unusual behavior has al-
ready been observed in the strongly correlated quasi-2D
organic superconductors, [β-(BEDT-TTF)2I3] .
23 In ad-
dition, even assuming a constant value in this range, the
classical analysis drives to unrealistic results. Indeed,
the corresponding number of carriers n is estimated to
be 5 1026 carriers m−3 by the inverse relationship to the
Hall effect coefficient which is used for common metals
(RH=1/ne). Thus, these results firmly suggest that the
observed strong temperature dependence of the Hall re-
sistance including the broad maximum originates from
the strong electronic correlations.
Let us now discuss the Hall resistance increase at
low temperature. As displayed in Fig. 5, ρxy/H varies
linearly with the inverse temperature below 100 K as
ρxy/H=2.6 10
−9(1+132/T). In order to analyze this be-
havior, the latter relation must be compared to the
expression ρxy/H=RH+((1-N)RH+RS)M/H where N is
the shape of the sample, RH the ordinary Hall coefficient,
RS the anomalous Hall coefficient
24 which originates
from spin-orbit effects, and M the magnetization.25,26
Since unfortunately we were not able to measure the
magnetization in the film because of the high contribu-
tion of the substrate, let us consider the bulk one.
This can be estimated to be of Curie type with a Curie
constant C0 of the order of 0.12 K,
4 that should be related
to the transverse resistivity following Eq. 1.
ρxy/H ≈ RH(1 + (1 +RS/RH)C0/T ) (1)
Thus, by comparing the experimental relation with
Eq. 1, one deduces a strong anomalous component as
RS/RH > 10
3. Even if a quantitative analysis of RS
would require magnetization measurements in the films
as a function of temperature, its order of magnitude
compared to RH testifies unambiguously to this anoma-
lous component.
Furthermore, since the ordinary Hall coefficient is ex-
pected to be weakly temperature dependent at low tem-
perature, the experimental relation (of Eq. 1) gives also
an estimate of RH ≈ 2.6 10
−9 m3 C−1 (see Fig.5). Be-
cause in this limit the ordinary Hall coefficient is inde-
pendent of the electronic correlations,17 this value leads
to a reasonable hole-like charge carriers density n ≈ 2.4
10+27 m−3 with RH=1/ne. Interestingly, the latter den-
sity corresponds to a unit cell volume V ≈ 1.48 10−28
m−3 to a hole doping of the order of 0.36 per cobalt
of the CoO2 layer. Assuming an insulating rock salt-
like layer, this doping is consistent with a crude estima-
tion inferred from the electroneutrality in the formula
[Ca2CoO3]
RS
0.62[CoO2]. Thus, it could suggest that the
transport properties are essentially governed by itinerant
holes in the CoO2 layers.
In summary the in-plane resistivity and Hall effect
measurements made on epitaxial thin films of Ca3Co4O9
grown on c-cut sapphire substrates confirmed the strong
electron correlations. In the thin film form, the in-plane
transport properties verified that the strain from the sub-
strate can be related to very high pressures (∼ 5.5 GPa)
in single crystals. By using the strain induced by the
substrate as an equivalent pressure, we have shown that
the effective mass of the charge carriers can be signifi-
cantly modified. The strong electron correlation nature
is borne out in the high temperature Hall effect measure-
ments where the observed Hall resistance plateaus and
no longer follows expected Fermi liquid behavior. Finally
at low temperatures, the observed high Hall resistances
may be attributed to an anomalous Hall effect and should
be related to the magnetic susceptibility as well as the
appearance of the short-range IC-SDW order.The mis-
fit nature of Ca3Co4O9 effectively localizes the itinerant
holes in the CoO2 layers, leading to a narrow conduction
band that yields strongly correlated transport properties.
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